Abstract: We present a dual-wavelength external holographic microscopy module for quantitative phase imaging of 3D structures with extended thickness range. This is done by simultaneous acquisition of two off-axis interferograms, each of which at a different wavelength, and generation of a synthetic wavelength, which is larger than the sample optical thickness, allowing twowavelength unwrapping. The simultaneous acquisition is carried out by using optical multiplexing of the two interferograms onto the camera, where each of them has orthogonal off-axis interference fringe direction in relation to the other one. We used the system to quantitatively image a 7.96 µm step target and 30.5 µm circular copper pillars. Interferometric phase microscopy (IPM), also called digital holographic microscopy, provides quantitative optical thickness measurements for biological studies [1, 2] and high-accuracy profiling in metrology and surface inspection [3] . In this technique, the quantitative phase of the light interacted with the sample is reconstructed from an inteferogram of the sample [4] . The phase acquired is proportional to the surface topography for a reflective sample, or to the integral refractive index for a transparent sample. Since the phase of light is 2π-periodic, objects, which are optically thicker than the illumination wavelength, are wrapped, and subject to phase measurement ambiguity. A 2D phase unwrapping algorithm can be digitally applied to obtain continuous phase reconstruction [5] . These algorithms, however, have two major drawbacks; they are computationally-demanding, and they fail when a large phase discontinuity is encountered, such as in steep steps or sharp refractive-index variations.
Interferometric phase microscopy (IPM), also called digital holographic microscopy, provides quantitative optical thickness measurements for biological studies [1, 2] and high-accuracy profiling in metrology and surface inspection [3] . In this technique, the quantitative phase of the light interacted with the sample is reconstructed from an inteferogram of the sample [4] . The phase acquired is proportional to the surface topography for a reflective sample, or to the integral refractive index for a transparent sample. Since the phase of light is 2π-periodic, objects, which are optically thicker than the illumination wavelength, are wrapped, and subject to phase measurement ambiguity. A 2D phase unwrapping algorithm can be digitally applied to obtain continuous phase reconstruction [5] . These algorithms, however, have two major drawbacks; they are computationally-demanding, and they fail when a large phase discontinuity is encountered, such as in steep steps or sharp refractive-index variations.
Alternatively, a system-based solution to the phase ambiguity problem is two-wavelength interferometry [6] . Using this technique, two interferograms with different illumination wavelengths are acquired, and the wrapped phase profile is extracted from each of them separately. Then, by simple processing, as described later, a new phase map with a large synthetic wavelength is obtained, significantly increasing the unambiguous phase range [7−9] . Since two different interferograms are needed per each sample instance, the acquisition should be faster than sample dynamics. A more general solution is simultaneous dual-wavelength interferometric acquisition.
In 2007, Kuhn et al. [8] used simultaneous two-wavelength holography by multiplexing two beams of different wavelengths on the same sensor, providing real-time holographic capabilities. Their system was based on two Mach-Zehnder interferometers, built around the sample, creating two separate reference beam paths, one for each wavelength, so that on the camera they obtained two off-axis interferograms of the sample simultaneously with 90°-rotated fringe direction in relation to each other. Other methods for separating the two wavelengths in simultaneous dualwavelength interferometry include using a color Bayer-mosaic camera [10] , and using polarization [11] . Variants of the techniques described above were used for examination of samples with large topography changes, such as porous coal samples [12] , and biological samples [13] . However, all of these methods require two separate reference beams, which are independent of the sample on most of the optical path. These setups are prone to mechanical noise, as all three beams may not be subjected to the same vibrations. Specifically, when creating a large synthetic wavelength, the result is sensitive to noise even more [7] .
In parallel to dual-wavelength interferometry, self-interference interferometric techniques evolved over the past decade [14] [15] [16] , allowing more stable systems with decreased temporal phase noise due to nearly common-path interferometric geometry. In these systems, both the reference and the sample beams are formed from the image of the sample itself. The reference beam can be generated externally, after the output image plane of the optical system, from a spatially filtered version of the image, effectively erasing the sample spatial modulation from one of the beams, while the off-axis interference is realized by a retro-reflector [15] or a diffraction grating [16] . These setups not only increase the temporal stability of the system, but also make it less complex and more portable and compact, since they are external to the imaging system and not built around the sample.
Recently, we presented an external interferometric module design to allow doubling of the imaged field of view [17] . We used two beam splitters and two retro-reflectors to create a multiplexed off-axis interferogram, containing two fields of view of the sample at once, each of which was encoded into another interference fringes direction. Since the fringe directions were orthogonal, both fields of view could be retrieved; thus, doubling the imaged area of the sample, while sharing the dynamic range of the camera in the acquired multiplexed hologram. This idea was lately extended to multiplexing interferometric phase image and interferometric fluorescence image with simultaneous acquisition [18] .
In the current letter, we present two-wavelength phase unwrapping using an external dual-wavelength interferometric module, which is based on off-axis interferometric multiplexing. As presented in Fig. 1(a) , we used a reflectance microscope as the imaging setup, and to its output we connected the proposed dualwavelength module, illustrated in Fig. 1(b) . The imaging system was illuminated by a supercontinuum source (SC400-4; Fianium), connected into an acousto-optical tunable filter (SC-AOTF, Fianium), which created two simultaneous spectral bandwidths (λ1=580 nm, λ2=597 nm, or alternatively λ1=580 nm, λ2=605 nm, all with spectral bandwidth of approximately 5.4 nm). The illumination beam was first expanded by a beam expander (lenses L1, f = 50 mm and L2, f = 400 mm), which was followed by a 4-f lens configuration (lenses L3, f = 200 mm, beam splitter BS1, and MO, 20×, 0.4 NA). After being reflected from the sample, the same microscope objective magnified the image and projected it through a tube lens (L4, f = 200 mm) on the image plane of the microscope, where we attached the dual-wavelength multiplexed interferometric module.
As shown in Fig. 1 (b), in this module the beam was Fourier transformed by lens L5 (f = 160 mm), while being split into sample and reference beams by beam splitter BS2. The sample beam was Fourier transformed by lens L6 (f = 75 mm), reflected by mirror M1, and projected into the monochrome camera (DCC1545M, Thorlabs) through lenses L6 and L8 (f = 200 mm), so that the image-plane amplitude and phase were projected onto the camera from both wavelength channels at once.
In the reference beam arm of BS2, at the Fourier plane of lens L5, we positioned a spatial filter made out of a 30 µm pinhole PH, which selected only the low-frequency spatial information of the image and effectively turned it into a reference beam [15, 16] . Then, lens L7 (f = 75 mm) was used to Fourier transform the beam back into the image domain, while separating the two-wavelength beam into its two wavelength channels using dichroic mirror DM (cut-off wavelength 593 nm, FF593-Di03, Semrock). Each of the channels was then back-reflected by slightly tilted mirrors, M2 and M3, and projected to the camera at an off-axis angle through lenses L7 and L8. The relative angle between mirrors M2 and M3 was adjusted such that each wavelength channel created orthogonal off-axis interference fringe direction with respect to the other channel, and thus a single multiplexed off-axis hologram from the two wavelength channels can be recorded by the camera at a single exposure. As shown at the bottom inset of Fig. 1(b) , the beams reflected from mirrors M2 and M3 would have hit the pinhole plate inside its solid disk area, and to avoid this, two off-axis holes were drilled into the pinhole disk, which allowed passage of the back-reflected reference beams to the camera. Note that by having the same amount of lenses in optical paths the sample beam and reference beams, it was possible to create beam-path and beamcurvature matchings between the beams within the coherence length of the illumination source used. Also note that in contrast to Ref. [15] , implementing field of view multiplexing in the sample beam, the off-axis reference beams in the current letter, implementing wavelength multiplexing, are reflected back in the image domain, rather than in the Fourier domain, and thus 90 orotated titled mirrors are used here rather than retro-reflectors.
Assuming that the first wavelength channel induces straight interference fringes across the x axis and that the second wavelength channel induces straight interference fingers across the y axis, the multiplexed dual-wavelength interferogram, acquired by the monochrome camera in a single exposure is shown in Fig. 2(a 
length channels gth interferomet nique does not o increases noise tance, in our cas e new synthetic interferometric n by imaging a 7 S, Bruker). Seve nd each measu alysis. Each dua cessed as desc as measured by iler (Contour GT the proposed int xtracted the wra wo-wavelength c in Fig. 3(a) . As ep position, whi ng algorithms, a ver, after apply e obtained the p rve in Fig. 3 (b) ped phase are s e. values and th es obtained in th s calculated as 7 average accurac n to the refe 60 nm, and the tandard deviati atial noise is am n our case rea d noise level pr 
